Safe and effective vaccines are crucial for maintaining public health and reducing the global burden of infectious disease. Here we introduce a new vaccine platform that uses hydrogen peroxide (H 2 O 2 ) to inactivate viruses for vaccine production. H 2 O 2 rapidly inactivates both RNA and DNA viruses with minimal damage to antigenic structure or immunogenicity and is a highly effective method when compared with conventional vaccine inactivation approaches such as formaldehyde or b-propiolactone. Mice immunized with H 2 O 2 -inactivated lymphocytic choriomeningitis virus (LCMV) generated cytolytic, multifunctional virus-specific CD8 + T cells that conferred protection against chronic LCMV infection. Likewise, mice vaccinated with H 2 O 2 -inactivated vaccinia virus or H 2 O 2 -inactivated West Nile virus showed high virus-specific neutralizing antibody titers and were fully protected against lethal challenge. Together, these studies demonstrate that H 2 O 2 -based vaccines are highly immunogenic, provide protection against a range of viral pathogens in mice and represent a promising new approach to future vaccine development.
Routine vaccination represents one of the most effective approaches to safeguard public health against infectious disease. All currently licensed antiviral vaccines fall into one of two broad categories: replicating, live, attenuated vaccines and noninfectious whole or subunit vaccines. Formaldehyde, the most common reagent used for vaccine production, was first identified by serendipity in the 1920s as a chemical means for inactivation of bacterial toxins 1 . β-propiolactone (BPL, first described in 1955 (ref.
2)), is second only to formaldehyde as the most commonly used inactivation method for vaccine development. Despite the routine use of formaldehyde, vaccinologists have known for decades that it is a cross-linking agent that can damage key antigenic epitopes, leading to reduced immunogenicity or even exacerbated disease under certain circumstances 3 . One example of vaccine-induced exacerbation of disease is the case of the formaldehyde-inactivated respiratory syncytial virus (RSV) vaccine developed in the 1960s 4 . Though the vaccine was well tolerated, severe complications arose following exposure to wild-type RSV, leading to 16 hospitalizations and the deaths of two children 4 . Recent studies indicate that formaldehyde destroys key neutralizing epitopes, resulting in exacerbated disease following wild-type challenge 5 . Similarly, clinical trials involving formaldehyde-inactivated measles vaccine failed to protect against wild-type infection and instead led to an atypical form of the disease 6 . This was also associated with an inadequate antiviral antibody response, linked to formaldehyde-induced alteration of the measles hemolysin (F protein) 6 . Inactivation of viruses with BPL may also trigger adverse immune reactions, including the induction of allergic responses through chemical modifications of vaccine components 7, 8 . It is unclear whether this was a factor in a recent phase 1 clinical trial in which one of 20 subjects developed urticaria shortly after booster vaccination with a 4.8-µg dose of BPL-inactivated yellow fever vaccine 9 . Bearing these concerns in mind, there is clearly an unmet need for identifying new and improved strategies for preparing inactivated vaccines. H 2 O 2 is an oxidizing agent that is well established as a potent antimicrobial agent and antiseptic 10 . The belief that strong oxidizing agents irreversibly damage the basic molecular structure of proteins may be one reason why H 2 O 2 has not previously been tested as a means for producing inactivated viral vaccines 11 . However, inactivation of microbes with H 2 O 2 (as well as other oxidizing agents such as superoxide and nitric oxide) represents a key element of the innate mammalian immune system and functions in endosomal compartments to inactivate intracellular pathogens 12 . In addition, H 2 O 2 has also been used to detoxify pertussis toxin 13 . In these current studies we have used three unrelated virus model systems to show that H 2 O 2 -based vaccines can protect against chronic or lethal viral infection, and we believe that this approach represents a new concept in vaccine development. RESULTS H 2 O 2 inactivates pathogens while maintaining antigenicity To determine the feasibility of H 2 O 2 -based vaccine development, we first examined the inactivating potential of H 2 O 2 against a spectrum of viral pathogens. A 3% aqueous solution of H 2 O 2 inactivated both RNA and DNA viruses with up to a 6-log 10 reduction in titer observed in less than 2 h (Fig. 1a) . One mechanism for virus inactivation is through genomic damage caused by hydroxyl radicals that attack carbon double bonds in the nucleosides or abstract hydrogen atoms, both of which are processes that lead to carbon radicals with the potential for further downstream oxidation, and this ultimately results in single-or double-strand breaks that destroy viability 14 . For the viruses described here, H 2 O 2 -based inactivation followed first-order rate kinetics, with half-life decay rates of <4 min. This is in contrast to formaldehyde, with which complete virus inactivation often requires 2-3 weeks of treatment [15] [16] [17] .
To broadly assess the consequences of H 2 O 2 inactivation on antigenicity, we compared yellow fever virus (YFV) inactivated by H 2 O 2 to YFV inactivated by formaldehyde or BPL (Fig. 1b,c) . Samples of purified virus that underwent these three different forms of inactivation were coated onto ELISA plates and we used YFV-immune serum from mice infected with YFV-17D (220 d after infection), to probe the samples and determine end-point antibody titers. We chose YFVimmune serum to assess the reactivity of antibodies to native YFV that would be generated during live viral infection. After 2 h of treatment (Fig. 1b) , virus inactivation by H 2 O 2 had only a minor effect on antigenicity and maintained 87-98% of the maximum antibody binding response observed with live virus. This is in contrast to the effects observed with BPL and formaldehyde, which significantly reduced the antigenicity of YFV at 3.0% and 1.0% concentrations (Fig. 1b) . At 0.1%, H 2 O 2 still performed significantly better than formaldehyde (P = 0.005), whereas 0.1% BPL was not significantly different from 0.1% H 2 O 2 (P = 0.30). In practice, however, both BPL 18 and formaldehyde [15] [16] [17] are used for more extended periods of time to provide complete virus inactivation. Therefore, we exposed samples to H 2 O 2 , BPL, or formaldehyde at concentrations of 3.0%, 1.0% or 0.10% for 16 h before determining viral antigenicity. Similar to the results observed after 2 h of exposure, H 2 O 2 maintained significantly greater antibody binding compared to formaldehyde or BPL (Fig. 1c) . We observed analogous results showing retained antigenicity in preliminary experiments in which we used YFV-immune serum from YFV-17D-infected human subjects or YFV-17D-infected rhesus macaques (data not shown). Although this ELISA approach does not distinguish between neutralizing and non-neutralizing epitopes, these studies indicate that H 2 O 2 -based inactivation of a virus is less damaging to native antibody binding sites than other currently used approaches to virus inactivation such as BPL or formaldehyde.
H 2 O 2 -LCMV vaccination induces CD8 + T cell-mediated immunity One concern with inactivated vaccines is that many are suboptimal at inducing protective CD8 + T cell responses 19 . To determine whether the H 2 O 2 -based vaccine approach is capable of generating effective antiviral CD8 + T cell responses, we chose the LCMV model, wherein protective immunity is mediated by CD8 + T cells 20 . We vaccinated mice with purified H 2 O 2 -inactivated LCMV-Armstrong and compared them to mice acutely infected with LCMV-Armstrong ( Fig. 2) . At 8 d after vaccination, the frequency of LCMV-specific CD8 + T cells reached about 1-2% of the total splenic CD8 + T cell response (Fig. 2a) , similar to what is observed following live vaccination with recombinant vaccinia virus (VV) expressing LCMV nucleoprotein (NP) 21 or glycoprotein (GP) 22 (Fig. 2a) . However, CD8 + T cells generated by live viral infection were significantly less efficient at co-expressing tumor necrosis factor-α (TNF-α) when compared to T cells generated by H 2 O 2 -LCMV vaccination (62 ± 9% IFN-γ + TNF-α + CD8 + T cells versus 89 ± 5% IFN-γ + TNF-α + CD8 + T cells, respectively; P = 0.0002). Notably, there was also more than a tenfold difference in the ability to produce interleukin-2 (IL-2) after peptide stimulation, with 51 ± 5% of IFN-γ + CD8 + T cells from H 2 O 2 -LCMV-vaccinated mice co-expressing IL-2 compared to only 3 ± 1% of virus-specific T cells from LCMV-Armstrong-infected mice (P = 0.0001, Fig. 2a) .
To examine the proliferative capacity of H 2 O 2 -LCMV vaccine−induced CD8 + T cells in vivo, we challenged mice with 2 × 10 5 plaque-forming units (PFU) of LCMV-Armstrong at 28 d after vaccination and determined virus-specific CD8 + T cell frequencies before challenge (that is, day 28) and 4 d after challenge (that is, day 32). H 2 O 2 -LCMV-vaccinated mice showed a >40-fold increase in LCMV NP118-specific T cells within 4 d after challenge, reaching frequencies of 22 ± 6% of the CD8 + T cell compartment (Fig. 2b) . This expansion eclipsed the CD8 + T cell responses observed at this early time point in naïve mice during primary infection (0.11 ± 0.04%, P = 0.0002) and was higher than that observed in LCMV-immune mice that were challenged in parallel (10 ± 2%, P = 0.005). Although LCMV-specific memory T cells expressed little or no granzyme B at 28 d after infection or vaccination, they rapidly upregulated granzyme B expression within 96 h after acute viral challenge (Fig. 2c) . Of note, H 2 O 2 -LCMV vaccine-induced CD8 + T cells expressed higher amounts of granzyme B after secondary challenge than did LCMVspecific T cells elicited by prior acute viral infection (Fig. 2c) . These results indicate that vaccine-induced CD8 + T cells rapidly upregulate cytolytic proteins, but it was unclear from these studies whether they have direct cytolytic activity in the absence of infection. To address this question, we used an in vivo cytotoxic T lymphocyte (CTL) assay a b c (Fig. 2d) , indicating that viral infection was not required for the development of cytolytic activity in vivo.
To determine protective efficacy, we challenged H 2 O 2 -LCMV vaccinated mice with 2 × 10 6 PFU of LCMV clone 13. This viral variant of LCMV causes chronic infection in naïve mice that lasts for several weeks or months and provides a rigorous test for CD8 + T cell-mediated protection 20 (Fig. 2e) . As expected, mice that had previously cleared acute LCMV-Armstrong infection were protected from chronic LCMV clone 13 infection. Mice that were vaccinated once with H 2 O 2 -inactivated LCMV at either 7 d or 28 d before challenge were also protected against chronic infection (Fig. 2e) . Similar to LCMV-Armstrong immune mice and mice vaccinated with recombinant Listeria monocytogenes expressing LCMV NP in previous studies 23 , H 2 O 2 -LCMV-vaccinated mice had reduced virus titers by >99% or had fully cleared LCMV within 7 d after challenge, whereas unvaccinated mice remained viremic for at least 35 d (Fig. 2e) . In vivo depletion of CD8 + T cells before LCMV clone 13 challenge completely abrogated protection against chronic infection, indicating that vaccine-induced immunity was mediated by CD8 + T cells (data not shown). Together, these results demonstrate that multifunctional CD8 + T cells can be elicited with a H 2 O 2 -inactivated vaccine and provide protective immunity against chronic viral infection.
H 2 O 2 -based vaccines elicit neutralizing antibody responses
Neutralizing antibody responses are the hallmark of protective immunity for most licensed vaccines 24, 25 , and the H 2 O 2 vaccine platform is well suited for inducing neutralizing antibody responses because it does not seem to damage native viral epitopes to the extent observed with other methods of inactivation (Fig. 1b,c) . However, the only method to formally determine immunogenicity is through in vivo vaccination studies using appropriate model systems in which neutralizing antibody responses have an important role in protection. The live, attenuated smallpox vaccine (consisting of VV) is often described as the 'gold standard' in vaccine efficacy, having achieved total eradication of its target virus, variola. Prior studies have demonstrated that VV-induced neutralizing antibodies are both necessary and sufficient for protection against lethal orthopoxvirus (for example, monkeypox) infection 26 . To determine how H 2 O 2 -based vaccines might compare in this model system, we measured neutralizing c e d (Fig. 3a) . In addition to the subcutaneous administration experiment, we infected another group of mice with 1 × 10 6 PFU of VV by the intraperitoneal route, and they generated half-maximal plaque reduction neutralization (NT 50 ) responses with a geometric mean value of 5,858, but this was not significantly different from the antibody responses elicited by H 2 O 2 -VV immunization (NT 50 = 5,528, P = 0.99; data not shown).
To determine whether H 2 O 2 -VV induced protective immunity, we challenged mice immunized with H 2 O 2 -VV with a lethal dose of VV, and 100% of the vaccinated animals survived (Fig. 3b ). These studies indicate that H 2 O 2 -inactivated VV not only stimulates high titers of neutralizing antibodies (NT 50 = 5,528), but also protects against a rigorous model of encephalitic disease. Similar to the protective role of antibody against orthopoxvirus infection 26 , the key role of humoral immunity in controlling flavivirus infection is also well documented 27, 28 . Although there is no WNV vaccine licensed for human use, there is an effective formaldehydeinactivated horse vaccine, the Ft. Dodge Innovator 29 . For comparison, we immunized mice with H 2 O 2 -WNV or the Ft. Dodge Innovator and measured virus-specific antibody titers. Both groups mounted similar WNV-specific antibody responses after primary vaccination (Fig. 4a) . After booster vaccination, H 2 O 2 -WNV-immunized mice showed antibody responses that were nearly tenfold higher than those induced in mice given the horse vaccine (Fig. 4a) . Antiviral antibody titers peaked within 28 d after booster vaccination and then stabilized with no evidence of decline during the ensuing 6 months of observation (Fig. 4a) . For a point of reference, we compared neutralizing antibody levels in H 2 O 2 -WNV-immunized mice with those observed in human subjects who recovered from WNV infection (Fig. 4b) . Within 2 months after booster vaccination (that is, the plateau phase of the response, Fig. 4a ), H 2 O 2 -WNV-vaccinated mice developed neutralizing titers of 14,400 ± 2,442 by NT 50 . In comparison, human subjects who contracted WNV naturally had a geometric mean NT 50 = 1,400 ± 1,115 when measured at ~1 year after infection. Although it is unknown what level of immunity is required for protection in humans, those who survive WNV infection are believed to be immune for life, and H 2 O 2 -WNV vaccination of mice elicits antibody responses that seem to meet or exceed the levels of immunity that develop after natural infection in humans.
To determine whether an H 2 O 2 -based vaccine can protect against lethal flavivirus infection, we challenged H 2 O 2 -WNV-immunized mice and age-matched naïve controls with 200 PFU of WNV-NY99, representing 20 times the half-maximal lethal dose (20 LD 50 ) of WNV-NY99 by intraperitoneal injection (Fig. 4c) . Similarly to C57BL/6 mice, naïve BALB/c mice showed weight loss starting at day 6 after WNV infection, with a mean survival time of 9.9 ± 1.6 d. All H 2 O 2 -WNV-vaccinated mice survived virulent WNV-NY99 challenge with no signs of disease or weight loss (Fig. 4c and data not shown) . Unlike C57BL/6 mice, which lose consistent susceptibility to peripheral WNV challenge after ~12 weeks of age 30 , unvaccinated BALB/c mice remain susceptible to lethal WNV infection and thus provide an excellent model for determining long-term, vaccine-mediated immunity. Indeed, in this strain of mice we observed full protective immunity against WNV-NY99 challenge at >280 d after vaccination (data not shown), indicating the induction of long-term protective immunity by the H 2 O 2 -based vaccine platform. Both neutralizing antibody and CD8 + T cells are important for protection against WNV infection 30 . Therefore, to determine whether vaccine-induced neutralizing antibodies are sufficient to provide protection in this model, we transferred 300 µl of immune serum from H 2 O 2 -WNV-vaccinated mice (60-90 d after vaccination) into naïve recipient mice and challenged them with a lethal dose of WNV-NY99 (Fig. 4d) . Serum was transferred by intraperitoneal injection, and for this reason the mice were challenged by the subcutaneous route 1 d later with 1,000 PFU (20 LD 50 by subcutaneous injection). Mice that received the same amount of naïve serum before WNV challenge died or required euthanasia, whereas 100% of the mice that received WNV-specific immune serum from H 2 O 2 -WNV-vaccinated mice were protected and showed no signs of disease or weight loss (data not shown). Together, these results demonstrate that full protective immunity against a lethal WNV infection can be attained by vaccination with a H 2 O 2 -inactivated vaccine and that the protective immunity achieved by this approach can be mediated by neutralizing antibodies.
DISCUSSION
In these studies, we demonstrate that H 2 O 2 is effective at inactivating viruses for vaccine production. Exposure to H 2 O 2 resulted in minimal damage to viral epitopes and provided improved antigenicity and immunogenicity when compared to other standard approaches used for virus inactivation. Immunization with H 2 O 2 -inactivated 22 . It is unclear whether MHC class I presentation is due to truncated or residual translation of viral proteins in the absence of productive replication or whether cross-presentation of virus particles is the underlying mechanism. Further mechanistic analysis is underway, but the results presented here indicate that the H 2 O 2 platform induces cytolytic, multifunctional T cells (Fig. 2) and is similar to live recombinant vaccines at inducing protective antigen-specific CD8 + T cell responses.
The majority of licensed vaccines provide protective immunity via the induction of neutralizing antibodies 24 . Thus, any new approach to vaccine development will require the capacity to induce strong and effective antiviral antibody responses. To assess retained viral antigenicity, we examined antibody binding after 2-16 h exposure to varying concentrations of H 2 O 2 , formaldehyde or BPL. Inactivated hepatitis vaccines are produced using 0.025% formaldehyde at 37 °C for 15 d (ref. 15) , and complete inactivation of Japanese encephalitis virus requires ~0.02% formaldehyde at 37 °C for several weeks 17 . We chose 0.1% formaldehyde because it is within the same general range of concentration used for these other vaccines (albeit under less harsh conditions than 37 °C for 2 or more weeks), and it matched the routine time and concentration of 0.1% BPL used for comparison. Moreover, 0.01% H 2 O 2 , BPL and formaldehyde were insufficient to provide complete virus inactivation within 16 h at 20-24 °C (data not shown) and were not examined further. To assess immunogenicity and protective efficacy, we compared H 2 O 2 -VV to the live, attenuated smallpox vaccine (that is, VV infection) and found that H 2 O 2 -inactivated VV immunization induced neutralizing antibodies that were comparable to those elicited by the live vaccine and protected mice against lethal VV infection. To further evaluate the ability of H 2 O 2 to function as a vaccine platform, we examined immunity against WNV. Our results indicate that H 2 O 2 -WNV vaccination induces virus-specific neutralizing antibody responses that equal or exceed the levels observed following natural WNV infection and that full protective immunity against lethal challenge can be elicited by direct vaccination or by adoptive transfer of immune serum from H 2 O 2 -WNV-vaccinated mice. Induction of vaccine-mediated antiviral antibody responses that exceed those observed after live viral infection is not unprecedented. For example, virus-like particle-based human papillomavirus (HPV) vaccines induce HPV-specific antibody responses that are more than tenfold higher than those observed after natural HPV infection 31 . Our data showing H 2 O 2 -WNV vaccine-mediated protection, together with the studies performed with VV (Fig. 3) , support the potential of H 2 O 2 -inactivated vaccines for inducing protective immunity against a variety of viral pathogens in which humoral immunity is involved in host defense.
For many years, the standard approach to preparing inactivated vaccines has been to inactivate the pathogens with formaldehyde or BPL 3, 7 . In particular, the utility of formaldehyde as the standard mode of pathogen inactivation for vaccine development has been questioned 3 . Other inactivation approaches such as psoralens, ethylenimine and nonionic detergents have also been tested for development of various vaccines, but these are believed to have disadvantages similar to formaldehyde or BPL in terms of chemical modification of immunogenic proteins 3, 7 . In contrast, we have found that H 2 O 2 represents a new and versatile platform for the development of inactivated vaccines. In the studies presented here, we used the H 2 O 2 vaccine platform to demonstrate protective immunity against chronic viral infection (LCMV clone 13), and lethal viral challenge in two independent model systems, VV and WNV. The current commercial use of H 2 O 2 for sterilizing manufacturing equipment and the availability of assay kits for determining H 2 O 2 identity and potency (for example, the PeroXOquant kit from Thermo Scientific) add to the feasibility of using H 2 O 2 for vaccine production. Moreover, the ability of H 2 O 2 to inactivate a wide spectrum of pathogens, including viruses 32 , bacteria 32 , parasites 33 and potentially even bacterial spores 34 , may allow expansion into new areas of vaccine research, fulfilling previously unmet needs for combating a number of human pathogens.
METHODS
Methods and any associated references are available in the online version of the paper.
